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Viscoelastic surfactants (VES) gels are used as acid diverters in well 
stimulation, whereas internal breakers are compounds which reduce the 
viscosity of these gels after acid diversion. Internal breakers reduce formation 
damage induced by VES gels. Proposed mechanisms of viscosity reduction of 
VES gels by internal breakers at high temperatures are not well understood. 
This study attempted to understand the viscosity reduction mechanism of a 
certain long-tail sulfobetaine surfactant solution, erucamidopropyl 
hydroxypropyl sulfobetaine, using organic compounds. This surfactant was 
within a system containing other compounds. Rheology and cryogenic 
transmission electron microscopy (cryo-TEM) were used to study the effect of 
the following organic compounds on a fixed concentration of an aqueous 
surfactant solution (3.96 wt % of the surfactant system) at 30°C and 60°C: n-
decane, crude oil, extra virgin olive oil, and polyglycolic acid (PGA). All the 
samples were equilibrated for a week. The solution was viscoelastic and 
highly viscous at both temperatures due to the presence of cylindrical micelle 
networks. Only n-decane drastically affected the zero-shear viscosity of the 
surfactant solution at 30°C. The zero-shear viscosity of the surfactant solution 
xv 
 
reduced with increasing concentration of the oils by approximately three to 
five orders of magnitude at 60°C. N-decane induced three regimes of viscosity 
change at both temperatures: the high viscosity regime, the transition regime, 
and the low viscosity regime. The other oils induced only one and two 
regimes of viscosity change at 30°C and 60°C, respectively. PGA did not 
induce considerable changes in viscosity at both temperatures. In conclusion, 
the oils are breakers for this VES solution. Moreover, temperature and oil 
molecular structure do govern the viscosity reduction of the solution. 
Meanwhile, PGA is not a compound to be used with this VES solution. 
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CHAPTER 1 
INTRODUCTION 
The word surfactant  is a short form for surface active agents [1, p. 1]. They are 
amphiphilic compounds because they have both water-loving (hydrophilic) and water-
hating (hydrophobic) regions. The hydrophilic region is a headgroup while the 
hydrophobic region is a long chain hydrocarbon attached to the headgroup [2]. Their 
amphiphilic nature makes it possible for them to reduce the interfacial tension between 
water and air, hence, the reason why they are called surface acting agents [3]. The 
reduction of interfacial tension is due to adsorption of the surfactants on surfaces [1, p. 1]. 
Soaps and detergents are common examples of surfactants [2]. 
The criteria for surfactant classification are the headgroup charge and the number of 
headgroups. Based on their headgroup charge, surfactants can be cationic, anionic, non-
ionic or zwitterionic. Based on the number of heads, they can be classified as single head 
or gemini surfactants [2], [4].  
Viscoelastic surfactants (VES) are surfactants with both viscous and elastic properties. 
These differ from other surfactants that behave as Newtonian fluids with viscosities 
marginally higher than that of water [5]. They are used in the petroleum industry for 
drilling [6], reservoir stimulation [7], and enhanced oil recovery [2]. VES were used 
together with gravel packs in the 1980s and 1990's for hydraulic fracturing [8], replacing 
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polymer-based fracturing fluids that were used in the 1970s [7]. A reason for this 
replacement is that VES gels are easily cleaned up from the formation when compared to 
polymer fluids [9]. This is because their viscosities are easily reduced when they come in 
contact with reservoir oil [7].  
VES commonly used in oil fields generally have a working temperature range of 160-
200°F [10], though some have been used in reservoirs in a range of 250-280°F [11]. 
Higher salt concentrations improve the stability of VES gels at higher temperatures [9]. 
VES have also been used in low permeability reservoirs [12], and can be used in tight gas 
reservoirs as unconventional fracturing fluids [10]. The high viscosity of VES gels gives 
them the ability to be good fluid leak off controllers, especially in gas reservoirs [11]. 
In hydraulic fracturing, the fracturing fluid opens up the fracture and transports the 
proppant materials to keep the fracture open [9]. VES solutions are suitable for hydraulic 
fracturing because they are highly viscous [9]. The high viscosity enables the creation of 
a fracture and the carrying of proppant into the created fracture [12]. Moreover, 
preparation of VES fracturing fluid requires fewer resources than preparing polymer-
based fracturing fluids [9]. Minimal pressure drop is needed when pumping VES during 
the placement of pipes [12]. In matrix acidizing, a VES solution together with an acid is 
used as an acid diverter [13]. They have been used in oil [14] and gas reservoirs [15]. 
The term breaker, as used in the petroleum engineering industry, is any compound that 
reduces the viscosity of any VES solution. Breaking, as used in the petroleum 
engineering industry, is the process of reducing the viscosity of any VES solution. 
Breakers are classified into internal and external breakers. The criterion of classification 
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is how the breaker contacts the VES solution. Internal breakers are mixed together with 
the VES solution while external breakers contact the viscosified VES solution [8]. 
Breakers are used in well stimulation along with VES. The use of breakers is necessary as 
the viscous VES solution can cause formation damage when left in the reservoir [16]. 
They clean up the formation by reducing the viscosity of the VES gel in order to resume 
oil production after well stimulation. The external breaker is the reservoir crude oil [7]. 
Internal breakers have been used in gas reservoirs in the Gulf of Mexico because more 
efficient gas production was achieved when compared to not using any internal breaker 
[15]. They are also to be used in tight gas reservoirs [17]. 
1.1 Statement of the Problem 
Several studies have determined the effect of organic compounds that break VES 
solutions. Most of the discussion on breaking VES solutions has focused on the 
solubilization site of oils. Recently, more detailed work demonstrated that oil 
solubilization in the VES solutions depends on energy strains existing in cylindrical 
micelles [18]. Despite this new insight, most of these studies were conducted at ambient 
temperatures. Such studies are incomplete for oil field operations that deal with high 
temperatures. Moreover, most of these studies have not used long-tail surfactant systems 
developed for oil field applications. Studies conducted at high temperatures using long-
tail surfactants do not have detailed breaking mechanisms. Understanding the breaking 
mechanism of a long-tail VES at high temperatures will help improve well stimulation 
jobs that require both VES and internal breakers. 
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1.2 Objectives 
The objective of this study was to understand the breaking mechanism of a new class of 
surfactant by internal breakers after the formation of the viscoelastic gel. This surfactant 
was a long-tail sulfobetaine developed for reservoir temperatures. The study was 
conducted at 30°C and 60°C using rheology and cryogenic transmission electron 
microscopy (cryo-TEM). The effects of four organic compounds on the VES system were 
compared. 
1.3 Thesis Organization 
Chapter 2 gives a detailed literature review of VES and breaker applications in the 
petroleum engineering field. It describes the process of micellization, presents 
experimental details and the proposed mechanisms of viscosity reduction of VES 
solutions by several organic compounds. Chapter 3 describes rheology and cryo-TEM 
and gives the theoretical background used in the study of VES. Chapter 4 describes the 
experimental procedure used in the study. Chapter 5 presents and discusses the results, 
and gives implications for well stimulation. Chapter 6 provides the conclusion of the 
work and recommendations. 
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CHAPTER 2 
LITERATURE REVIEW 
2.1 VES Applications in the Petroleum Industry  
2.1.1 Micelle Formation 
Surfactants contain monomers that aggregate to form spherical micelles at critical micelle 
concentration (CMC) [19]. This process is called micellization (Figure 1). The forces of 
interaction that need to be balanced for micellization are hydrophobic, steric, 
electrostatic, hydrogen bonding and Van der Waal interactions [20]. Micellization is 
favored mainly by hydrophobic interactions between surfactant tails [20], [21], and 
disfavored mainly by electrostatic interactions between the polar surfactant heads [20], 
[21] and steric interactions [20]. 
Micellization can lead to the formation of different micelle shapes (Figure 2). Micelle 
shape can be controlled by temperature, salinity, surfactant concentration [19], [20], 
chemical structure change of micelles, ionic strength, and pH [20]. These conditions 
affect the value of the packing parameter [19], [21], and defines the shape of a micelle 
[21]. Packing parameter, p, is given by: 
  (1) 
where v is the volume of the molecule, a is the area of head group (which is not only a 
geometric parameter), and l is the length of the hydrocarbon tail. Micellar growth is 
6 
 
controlled mainly by the surfactant heads as the heads need to be brought together to 
reduce the available area per surfactant molecules at the surface [20]. 
Chang et al. [13], [22] reported a VES system to be used as a self-diverting agent in 
carbonate reservoirs to improve matrix acidizing jobs. One reason for using this system 
was to limit the stimulation of water zones, thereby limiting water cut [22]. Chang et al. 
[23] explained the mechanism of gel formation in a reservoir. The system they used 
consisted of an amphoteric surfactant, a co-surfactant, an acid, and water. The necessary 
conditions required for micelle build up in a reservoir are pH and the presence of ions. 
During matrix acidization, the acid reacts with the formation carbonate rocks, leading to 
an increase in pH and an increase in the availability of calcium ions. The increase in pH 
leads to the release of hydrogen ions previously attached to the surfactant and co-
surfactant at low pH; a process called deprotonation. The electrostatic repulsion between 
surfactant heads increases and is reduced by calcium ions released from the acid reaction 
with formation rock, and the deprotonated co-surfactant. This promotes the micellar 
transition from spherical to cylindrical micelles [23]. 
A system containing both acid and VES becomes a self-diverting acid (SDA) when 
pumped into a reservoir. Unlike external gelling agents that rely on Darcy's Law for 
propagation as they are gelled before injection, SDAs form a gel in the reservoir, 
beginning in the high permeability sections. The high viscous gel offers resistance to flow 
to the SDA of low viscosity behind it. Thus, the ungelled low viscosity SDA follows the 
path of least resistance by entering the low permeability sections of the reservoirs. This 
prevents further reaction of the acid with the already formed wormholes [13]. 
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Figure 1 Schematic diagram of individual surfactant monomers and surfactant micelle [20] 
 
 
Figure 2 Packing parameter and corresponding micelle structure [24, p. 2] 
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The efficiency of diversion is affected by the injection rate and permeability contrast. 
These factors have an effect on the amount of calcium ions present for viscosification of 
the SDA [16]. 
2.2 Breaker Application in the Petroleum Industry 
According to Al-Mutawa et al. [14], VES acid diverters are zero damaging fluids in oil 
wells; but core experiments show that that is not the case [25], [26]. 
Yu et al. [26] determined the amount of VES retained in the core in order to quantify the 
extent of core damage done by the VES. They injected VES-acid solution at a rate of 1.5 
cm3/min in order to fully retain the VES in the core. After injecting 1.8 pore volumes of 
VES-acid, they injected 2.8 pore volumes of the 10 vol % mutual solvent, which is a 
breaker, in the reverse direction. The amount of VES retained in the core after the 
injection of mutual solvent was 78.8%. They concluded that internal breakers are needed 
to break the VES gel. 
Huang and Crews [8], [25] determined how efficiently hydrocarbons will reduce VES gel 
viscosity only by reservoir flow in both matrix acidizing and hydraulic fracturing 
applications. When internal breakers were not used, the initial flowback pressure needed 
to flow through the core was very high. This was not the case after using an internal 
breaker [8], [25]. Moreover, some hydrocarbons did not reduce VES viscosity by mere 
contact but required high energy mixing. Thus, Huang and Crews stated that VES gels 
might kill a well located in a low-pressure gas reservoir [25]. In a case study, the 
permeability recovery after flowing nitrogen gas was 2 % when internal breakers were 
not used, compared to over 100 % when an internal breaker was used. When testing for 
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the conductivity recovery of proppants, a 100 % recovery was achieved when internal 
breakers were used, whereas an 80 % recovery was achieved without using an internal 
breaker [8]. 
Different types of breakers have been patented in the petroleum industry [27] [35]. Each 
breaker has its own VES system and conditions in which it is highly efficient. 
2.3 Experimental Details and Proposed Breaking Mechanisms 
Lin and Eads [36] studied the effect of polyethylene glycol (PEG) and polypropylene 
glycol (PPG) on oleate soap surfactant solution at room temperature. Two types of PEG 
were used: PEG-4600 and PEG-8000. PEG-4600 was used only for nuclear magnetic 
resonance (NMR). Rheology and NMR confirmed the reduction of viscosity by both 
polymers. Cryo-TEM was used to determine the shape of the micelles. Threadlike 
micelles were present after adding 1% PPG while spherical micelles were formed after 
adding 1% PEG. Thus, PEG was more efficient than PPG at the same concentration. 
They concluded that molecular mass did not affect breaking capacity in their case. They 
also concluded that hydrophobicity was not the only factor that affected the change of 
micelles in oleate soap solution from cylindrical to spherical, unlike earlier experiments 
that reported that hydrophobicity affected the strength of the breaker. 
Sato et al. [37] studied the effect of decane on a surfactant system solution composed of 
monohexadecanoate (C16SE) and monocaprylin (MG-8) using rheology and small angle 
x-ray scattering (SAXS). Rheology was conducted at 30°C. The surfactant system 
concentration was 20 %, with MG-8 weight fraction fixed at 0.05. Increasing decane 
concentrations reduced the viscosity of the surfactant system (~73 Pa.s to ~0.3 Pa.s). 
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SAXS confirmed the production of spherical micelles after the addition of decane. They 
explained the reduction of viscosity of the surfactant system to be due to decane 
solubilization in the micellar core. 
Molchanov et al. [38] studied the effect of n-dodecane and n-heptane on potassium oleate 
surfactant solution at 20°C. Rheology and small angle neutron scattering (SANS) were 
used for the study. High concentrations of the hydrocarbons reduced the viscosity (from 
~350 Pa.s to ~1×10-3 Pa.s) a day after sample preparation. The trend produced by the 
resulting mixture after SANS measurements was characteristic of spherical micelles. 
They proposed that the micelles underwent a change in size that affected the molecular 
packing parameter. This change in size was due to the solubilization of the non-polar oil 
in the cylindrical micelle core. The spherical micelles were formed the moment the value 
of the molecular packing parameter of a spherical micelle was attained. 
Kumar et al. [39] studied the effect of the organic salts sodium hydroxynaphthalene 
carboxylate (NaHNC) and sodium salicylate (NaSal) on the amphoteric surfactant erucyl 
dimethyl amidopropyl betaine (EDAB) at room temperature using rheology. Both salts 
reduced the viscosity of the VES solution from infinite viscosity to approximately 1×10-3 
Pa.s. NaHNC reduced the viscosity of the VES solution at lower concentrations than 
NaSal. They explained the reduction of viscosity of EDAB by organic salts by comparing 
the same effect of these salts on a cationic VES. The viscosity of cationic VES solutions 
increases in the presence of these salts due to the presence of the negative ions binding to 
the cationic part of the VES. The researchers proposed that the negative ions of these 
salts bind on the cationic part of the zwitterionic VES, but with a different effect to that 
of cationic VES. With the anionic part of the salt bound on EDAB, EDAB was changed 
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into an anionic VES that led to a change from cylindrical to spherical micelles. But, they 
emphasized that the binding is due to hydrophobic interactions and not to electrostatic 
interactions; the electrostatic interactions in EDAB are very weak due to the presence of 
weak charges. They also concluded that hydrophobicity affected the magnitude of 
viscosity reduction. NaHNC is more hydrophobic than NaSal. The higher hydrophobic 
salt reduced the viscosity of VES solution at a lesser concentration than the lower 
hydrophobic salt. 
Sharma et al. [40] tested the effect of two fluorinated oils at 25°C on a non-ionic 
fluorocarbon surfactant system solution. The surfactant system was composed of two 
surfactants that belong to one class: perfluoroalkyl sulfonamide ethoxylate, 
(C8F17SO2N(C3H7)(C2H4O)nH, also written as C8F17EOn), where n differentiates the 
surfactant. The surfactants used in their study had values of n = 20, and n = 3. The 
breakers used were the following fluorinated oils: perfluoropolyether (F-(CF2CF2CF2O)n-
CF2CF2COOH or (C3F6O)nCOOH)) and perfluorodecalin (C10F18). The value of n for the 
perfluoropolyether used was 21. Perfluoropolyether is amphiphilic while perfluorodecalin 
is hydrophobic. Rheology and SAXS were used for the study. Increasing 
perfluoropolyether concentrations continuously reduced the viscosity of the VES solution 
with increasing concentration until phase separation was achieved. Perfluorodecalin 
reduced the viscosity with increasing concentration until there was no further viscosity 
reduction. The viscosity at this plateau was higher than the minimum viscosity reached 
by perfluoropolyether. From SAXS, a trend characteristic of the presence of spherical 
micelles was reported in the case of perfluoropolyether, while a trend characteristic of 
cylindrical micelles was reported in the case of perfluorodecalin. The reduction in 
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viscosity in the presence of perfluorodecalin was due to the reduction in the size of the 
cylindrical micelles. They proposed that the non-polar part of perfluoropolyether created 
an oil pool in the micellar core while the polar part came close to the 
hydrophilic/hydrophobic interface of the surfactant. The oil pool formation is linked to its 
long oil chain. This changed the cylindrical micelle to a spherical micelle. The proposed 
explanation for the effect of perfluorodecalin was that it only solubilized near the 
hydrophobic core of the micelle, making it less efficient than perfluoropolyether. 
Shibaev et al. [18] studied how n-dodecane changed the micelles in potassium oleate 
solutions from a cylindrical shape to a spherical shape at room temperature. The methods 
they used for the study were rheology, SANS, and dynamic light scattering (DLS). They 
identified three stages of micelle change. The first stage was the micellar network regime 
in which the VES retained its viscoelastic properties, despite the reduction in viscosity. 
The second stage was the transition stage in which the viscosity reduced drastically with 
increasing n-dodecane concentration because of the continuous reduction of micelle 
length, and the formation of microemulsions. The last stage was the microemulsion 
regime in which the viscosity of the solution became close to that of water and fully 
composed of microemulsions larger than a fully extended surfactant tail. They considered 
the reduction of viscosity in the micellar regime to be due to the shortening of potassium 
oleate cylindrical micelles after the solubilization of n-dodecane in the micelle core. They 
pointed out that solubilization in the end caps of the micelles was preferred to 
solubilization in the cylindrical section. The sharp viscosity reduction in the transition 
regime was due to the formation of microemulsions and the shortening of cylindrical 
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micelles. The microemulsion regime occurred after all the cylindrical micelles were 
transformed into microemulsions. 
Sullivan et al. [34] proposed that the hydrophobic region of globular proteins such as 
alpha-amylase contributed to viscosity reduction of a VES gel at 65.6°C-121°C. The VES 
system they used comprised of 38 wt % erucylamidopropyl dimethyl betaine, 1.1 wt % 
polynaphthalene sulfonate, 22 wt % isopropanol, 5 wt % sodium chloride and 33.9 wt % 
water. The hydrophobic region of these proteins is inward while the hydrophilic region is 
outward at room temperature. An increase in temperature exposed the hydrophobic 
region of the protein that led to a reduction in viscosity of the VES.  
Crews and Huang [30] -
and mineral oil were used together as breakers at 57°C and 105°C. They used an amine 
oxide surfactant solution for the study. The unsaturated fatty acid underwent oxidization 
and dispersed in the VES micelles. This dispersion weakened the thermodynamic energy 
between the headgroups of the micelles, water, and counterions, allowing the mineral oils 
to associate with the rest of the micelles. 
Sullivan et al. [35] proposed that micelle structures were destroyed by a degradable acid 
like PGA at 66°C that  reduced the viscosity of a VES gel. The VES system they used 
consisted of 40 wt % EDAB, and 60 wt % water, sodium chloride, and isopropanol. 
About 1 wt % of low molecular weight sodium polynaphthalene sulfonate was added to 
the VES system. 
Two solubilization mechanisms of oils by micelles have been proposed. One mechanism 
is the surface reaction mechanism in which the surfactant micelle temporarily adsorbs at 
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the oil-water interface and take in oil molecules [41]. This mechanism was proposed for 
non-polar oils such as triglycerides [42]. The second mechanism is the bulk reaction 
mechanism, in which surfactant micelles can capture polar oil molecules dissolved in 
aqueous solution [41]. Both mechanisms can occur if the oils have a marginal solubility 
in water [42]. Todorov and co-workers experimentally verified the surface reaction 
mechanism for cylindrical micelles solubilizing triglycerides [43]. 
The most extensive work done so far in describing the mechanism of viscosity reduction 
by breakers was by Shibaev and coworkers [18]. But their work considered only room 
temperature, whereas VES solutions are used at temperatures greater than 25°C in the 
oilfield. Siriwatwechakul and coworkers [44] developed a solvent/temperature 
superposition formula to predict the behavior of micelles with organic compounds at high 
temperatures. But they did not describe any mechanism for viscosity reduction at high 
temperatures. The studies conducted at high temperatures were not extensive as the study 
from Shibaev and coworkers [18]. Thus, this work will address how the viscosity of a 
long-tail VES solution is reduced at low and high temperatures by organic compounds. 
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CHAPTER 3 
THEORITCAL BACKGROUND 
3.1 Rheology  
Rheology is the study of deformation and flow of matter, and delineating the 
relationships between stress and deformation of materials [45, p. 1]. It can either be 
steady shear rheology or dynamic shear rheology [38]. Steady shear rheology involves 
measuring viscosity at different shear rates when steady state flow has been reached [38]. 
Dynamic shear rheology involves measuring the behavior of materials under increasing 
stress or strain at different oscillation frequencies [5], [38]. The rheological parameters of 
interest when studying VES solutions are zero-shear viscosity ( ), storage modulus ( ), 
loss modulus ( ), relaxation time ( ), and complex viscosity( ). 
Zero-shear viscosity is the viscosity of the fluid when it is not sheared. It is obtained from 
steady or dynamic shear rheology [40].  Storage modulus gives information on how much 
energy can be stored in a fluid while loss modulus shows how much energy is lost as heat 
by the fluid [45, p. 54]. They are obtained from dynamic shear rheology and are useful in 
measuring the viscoelasticity of any material [5]. When oscillatory deformations are 
used, the difference in phase angle between the stress and strain will determine ,  
and  [5]. This phase difference determines whether a material is elastic, viscous or 
viscoelastic [46]. 
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3.1.1 Theory of Maxwellian Fluids 
Viscoelastic fluid behavior can be modeled using the Maxwellian model. Maxwellian 
fluids follow the following relations: 
  (2) 
 
 
 
(3) 
 
 
 
(4) 
 
 
 
(5) 
where  is the zero-shear viscosity,  is the plateau modulus,  is the relaxation time, 
c is the crossover frequency (the frequency at which  is equal to ), and  is the 
angular frequency. Viscoelastic fluids behave as Newtonian fluids at low shear rates and 
shear-thinning fluids at high shear rates. Zero-shear viscosity is extrapolated from the 
Newtonian region at low shear rates from the viscosity versus shear rate plot. Relaxation 
time represents the time it takes for a Maxwellian fluid to release stress after mechanical 
forces are removed [47, p. 429].  is the storage modulus at high angular frequencies. 
For Maxwellian fluids, the plot of  vs  is a semi-circle. This plot is known as the 
Cole-Cole plot. 
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3.1.2 Theory of viscoelastic surfactants rheology 
VES solutions form cylindrical micelles at high concentrations. The ends of each 
cylindrical micelle have a semi-spherical shape. According to Cates and Candau [48], the 
average contour length of a cylindrical micelle, , is related to surfactant volume fraction, 
c, by the following equation 
 
 
(6) 
where kb is the Boltzmann constant, T is the temperature in K, and Esciss is the scission 
energy of a micelle. This is the energy needed to break a micelle into two and form two 
new hemispherical endcaps. 
Cylindrical micelles break and reform, and also reptate (the slithering motion of 
cylindrical micelles). When breaking time, , is smaller than reptation time, , VES 
fluids act as Maxwellian fluids with one single relaxation time [48], given by the relation 
  (7) 
VES deviate from Maxwellian fluid behavior at high angular frequencies. At this point, 
breaking time greatly exceeds reptation time. This leads to the existence of a local 
minimum of ,  [49], representing a deviation from Maxwellian fluid behavior. 
Cates and coworkers [48], [49] derived the following relationship between micelle mesh 
size, , micelle persistence length, lp, micelle entanglement length, le, and plateau 
modulus 
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(8) 
Persistence length represents the length of a micelle at which a micelle is considered 
inflexible while entanglement length is the micelle contour length between two 
entanglement points. Mesh size represents the density of entanglements. 
Also, L is related to  through the equation [49]  
 
 
(9) 
 
3.2 Cryogenic Transmission Electron Microscopy (Cryo-TEM)  
This method views particles that have lengths below the wavelength of the visible light 
spectrum [50]. The range of particle sizes that can be viewed with this technique is 1-300 
nm2 [19]. This technique can differentiate between linear micelles and branched micelles 
[51]. 
Quickly vitrifying aqueous samples into thin films permits visualization at low 
temperatures. Humidity and temperature are controlled in a preparation chamber so as to 
vitrify samples at equilibrium temperature [50]. 
Digital cryo-TEM is a new improvement to the technique. It excludes the use of a 
photographic film that sometimes produces low image quality. Image quality reduction 
with the photographic film is as a result of the specimen attracting condensed volatile 
substances on its surface. Digital cryo-TEM uses charge-coupled device (CCD) cameras. 
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They view samples under low electron exposure, which is an advantage when viewing 
samples that are very sensitive to electron exposure [19]. 
  
20 
 
CHAPTER 4 
EXPERIMENTAL PROCEDURE 
4.1 Materials  
The amphoteric surfactant system was obtained from AkzoNobel, which was used 
without further purification. Erucamidopropyl hydroxypropyl sulfobetaine is the main 
surfactant reagent. Its concentration in the system is 40-45 wt %, with the rest composed 
of sodium gluconate, ethanol, propylene glycol, water and sodium chloride. The general 
structure of the surfactant is shown in Figure 3, where: (i) R1 is a saturated or unsaturated 
hydrocarbon chain with 17-29 carbon atoms (ii) R2 and R3 are each independently 
selected from a straight chain or branched, alkyl or hydroxyalkyl group with 1-6 carbon 
atoms (iii) R4 is either H, hydroxyl, alkyl or hydroxyalkyl group with 1-4 carbon atoms 
(iv) k, m and n are integers from 2-20, 1-20, and 0-20, respectively [52]. 
Hydrated calcium chloride (CaCl2.H2O, 99% purity) was purchased from Panreac. The 
organic compounds used to test for their breaking capacity were crude oil, n-decane, 
extra virgin olive oil (EVOO) and polyglycolic acid (PGA). N-decane (99% purity) and 
PGA were purchased from DuPont and Acros Organics, respectively. The structures of n-
decane and PGA are shown in Figure 4 and Figure 5, respectively. 
EVOO was purchased from a supermarket; it had a specific gravity of 0.907. EVOO are 
composed of triglyceride molecules. A triglyceride molecule is a combination of a 
glycerol molecule (Figure 6) and three fatty acids. The fatty acids attached to glycerol in 
EVOO are palmitic acid (Figure 7), stearic acid (Figure 8), oleic acid (Figure 9), 
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palmitoleic acid (Figure 10), linoleic acid (Figure 11 -linolenic acid (Figure 12). 
EVOO contains a mixture of the following triglycerides: (i) triglycerides in which all the 
fatty acids bonded to glycerol are identical, and (ii) triglycerides in which at least one of 
the fatty acids bonded to glycerol is different from the others [53, pp. 52 53]. Triolein is 
the most abundant triglyceride in EVOO [54, p. 924], and has three oleic acid units 
bonded to glycerol (Figure 13). The composition of fats present in the EVOO used is 
shown in Table 1. 
Crude oil came from the Uthmaniya oil field, Saudi Arabia, and had a specific gravity of 
0.897. Its composition is shown in Table 2. 
4.2 Sample Preparation 
Millipore deionized water was used to prepare solutions with 3.96 wt % of the surfactant 
system and 6.2 wt % CaCl2. This amount of CaCl2 was the maximum produced from core 
acidizing studies [26] after comparing with other studies [26], [55] [57]. The first step 
was dispersing a fixed volume of the VES in aqueous CaCl2 solution with a disperser (T 
25 digital ULTRA-TURRAX®, IKA, Germany) at 5200 rpm for at most 5 minutes. A 
syringe was used to take a fixed volume of the surfactant solution and mixed with 
varying concentrations of the organic compounds by shaking. The samples were 
equilibrated for a week at 30°C and 60°C in an oven. The surfactant solution phase was 
tested in any event of phase separation. 
4.3 Rheology 
Steady and dynamic shear rheology was performed at 30°C and 60°C using the 
Discovery Hybrid Rheometer (DHR-3) from TA Instruments. The DIN concentric 
cylinder geometry used had the following dimensions: cup diameter of 30.43 mm, and 
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bob diameter and length of 28 mm and 41.92 mm, respectively. The shear rate range used 
for steady shear viscosity measurements was 0.001-1000 s-1. The zero-shear viscosity 
was estimated using the correlations available in the rheometer software. Dynamic shear 
measurements were conducted within an angular frequency range of 0.1-100 rads-1 in the 
linear viscoelastic region of each solution. A solvent trap was used to reduce water 
evaporation during the measurements. 
4.4 Cryo-TEM  
A 50 µl droplet of the suspension was placed on a TEM copper holey carbon grid 
(AGAR SCIENTIFIC), and the solvent was left to dry out overnight. Secondly, a droplet 
of phosphotungstic acid was added as a negative stain to enhance the contrast of the 
organic material in the TEM images. Gel samples were also further diluted in ethyl 
acetate in order to obtain a clearer image from TEM observation. The TEM grids were 
analyzed in a Tecnai F30 microscope (FEI company), operated at 300KV, coupled with a 
Gatan CCD camera. Images were obtained and analyzed with the software Digital 
Micrograph (Gatan) in Bright Field TEM mode. 
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Figure 3 Chemical structure of erucamidopropyl hydroxypropyl sulfobetaine [52] 
 
 
Figure 4 Chemical structure of n-decane 
 
 
Figure 5 Chemical structure of polyglycolic acid 
 
 
Figure 6 Chemical structure of glycerol 
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Figure 7 Chemical structure of palmitic acid 
 
 
Figure 8 Chemical structure of stearic acid 
 
 
Figure 9 Chemical structure of oleic acid 
 
 
Figure 10 Chemical structure of palmitoleic acid 
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Figure 11 Chemical structure of linoleic acid 
 
 
Figure 12 -linolenic acid 
 
 
Figure 13 Chemical structure of triolein 
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Table 1 Extra virgin olive oil composition 
Component Value per 100 g 
Saturated fats (palmitic acid, stearic acid) 8-24 
Monounsaturated fats (oleic acid and palmitoleic acid) 56-87 
Polyunsaturated fats ( -linolenic acid) 4-22 
 
Table 2 Crude Oil composition 
Component Moles 
C5 0.00216 
C6 0.007434 
C7 0.018767 
C8 0.027806 
C9 0.025519 
C10 0.025371 
C11 0.019607 
C12+ 0.049211 
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CHAPTER 5 
RESULTS AND DISCUSSIONS 
 
5.1 Rheology of surfactant solution without organic compounds 
The rheology of 3.96 wt % of the surfactant system solution was investigated at 30°C and 
60°C. The zero-shear viscosity of the solution during the equilibration period is shown in 
Figure 14. Zero-shear viscosity increases with time and reaches a maximum. This 
indicates micellization occurred until equilibrium was reached. The following paragraphs 
present and discuss the results of the surfactant solution after a week of equilibration. 
The plot of viscosity versus shear rate of the surfactant solution at both temperatures is 
shown in Figure 15. There was a transition from the Newtonian to the shear-thinning 
region with increasing shear rate at both temperatures. This transition is evidence that 
cylindrical micelles were in the surfactant solution that aligned themselves along the 
direction of shear flow [58], [59]. The presence of a plateau from the shear stress versus 
shear rate graph at 60°C during the transition (Figure 17) is evidence that a cylindrical 
micelle network was present in the solution [60]. 
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There were inflection points during the transition and an apparent yield stress at 30°C as 
seen from the viscosity versus shear stress plot (Figure 16) and shear stress versus shear 
rate plot (Figure 17). High concentrations of a similar C-22 tailed sulfobetaine surfactant, 
3-(N-erucamidopropyl-N,N-dimethyl ammonium) propane sulfonate (EDAS) showed 
similar inflection points [58], [61]. This was attributed to shear banding [58], [61]. Shear 
banding is the separation of a micellar solution into macroscopic regions with different 
shear rates [60]. Moreover, there was a sharp drop in viscosity during the transition from 
the Newtonian to the shear-thinning region at both temperatures as seen from the 
viscosity versus shear stress plot (Figure 16). Such behavior is also attributed to shear 
banding in micellar solutions [60]. Shear banding is due to the presence of dense micelle 
networks in a surfactant solution [60]. This is more evidence that dense micelle networks 
were present in the surfactant solution at both temperatures. Cryo-TEM revealed the 
presence of cylindrical micelles in the pure surfactant solution equilibrated at 30°C 
(Figure 19) even after being diluted in ethyl acetate (Figure 20 and Figure 21). The 
visibility of the inflection point at 30°C and its absence at 60°C shows that shear banding 
was more pronounced at the lower temperature. 
From Figure 15, the zero-shear viscosity of the surfactant solution was higher at 30°C 
than at 60°C, though not significant (~186.1 Pa.s vs ~138.1 Pa.s, ~26 % difference). 
Concentrated EDAS solutions have a similar behavior [58]. The most likely reason for 
this difference is that the cylindrical micelle network was more entangled at 30°C than at 
60°C, as cylindrical micelles close together offer more resistance to flow than micelles 
further apart. This is explained further when considering  and  measurements of the 
surfactant solution. 
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The variation of  and  of the surfactant solution with angular frequency at both test 
temperatures is shown in Figure 18.  dominated  within the tested frequency range at 
both temperatures, and the crossover frequency was absent. High concentrations of the C-
22 tailed amphoteric surfactants like EDAB [39], EDAS [58], and erucyldimethyl 
amidopropyl amine oxide (EMAO) [62] have such behavior within a frequency range of 
0.01-100 rads-1 at high concentrations and low temperatures. Maxwellian fluids typically 
show a region in which  dominates  at low angular frequencies, and a crossover 
frequency in which  equals . The complete dominance of  over  within the 
angular frequency range of 0.01-100 rads-1 is attributed to gels [39]. But the existence of 
the Newtonian region at low shear rates (Figure 15) and  (Figure 18) at both 
temperatures is evidence that the surfactant solution followed Maxwellian behavior at 
low angular frequencies and not gel-like behavior. This also implies that crossover 
frequencies can be estimated. 
The crossover frequencies and relaxation times of the surfactant solution at both 
temperatures estimated from equations 2 and 3 are shown in Table 3. The estimated 
crossover frequencies at both temperatures were below 0.1 rads-1. Thus, the crossover 
frequencies at both temperatures were not within the measuring frequency range. The 
estimated crossover frequency was lower at 30°C than at 60°C. The difference in 
crossover frequency at both temperatures is possibly due to the density of the 
entanglements at both temperatures. 
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Figure 14 Zero-shear viscosity of surfactant solution with time 
 
Figure 15 Viscosity vs shear rate of 3.96 wt % surfactant solution 
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Figure 16 Viscosity vs shear stress of 3.96 wt % surfactant solution 
 
Figure 17 Shear stress vs shear rate of 3.96 wt % surfactant solution 
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Figure 18 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt % surfactant solution 
Table 3 Estimated values of crossover frequency and relaxation time of the pure surfactant solution 
      
 186.09 4.59 2.47×10-2 40.5 97.0021 
 138.07 4.05 2.93×10-2 34.1 104.375 
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Figure 19 Cryo-TEM image of 3.96 wt % surfactant solution at 30°C. The black curves represent the edges of 
the micelles 
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Figure 20 Cryo-TEM image of 3.96 wt % surfactant solution at 30°C diluted in ethyl acetate. The black curves 
represent the edges of the micelles 
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Figure 21 Cryo-TEM image of 3.96 wt % surfactant solution at 30°C diluted in ethyl acetate. The black curves 
represent the edges of the micelles 
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 was present at both temperatures (Figure 18), meaning the solution deviated from 
Maxwellian fluid behavior with increasing frequency. The presence of  and  
 at 30°C was lower than 
that at 60°C as shown in Table 3. This implies the micelles were closely packed at 30°C 
than at 60°C. This explains why the zero-shear viscosity of the solution was higher at 
30°C than at 60°C. It also explains why shear banding was more pronounced at 30°C 
than at 60°C. 
Therefore, micellization occurred for seven days until micelle networks were formed at 
both temperatures. 
5.2 Rheology of surfactant solution with the organic compounds 
The effects of four organic compounds on 3.96 wt % of the surfactant system with 6.2 wt 
% CaCl2 solution were investigated. These organic compounds were crude oil, EVOO, n-
decane, and PGA. The effect of the oils and PGA at both temperatures will be presented 
and discussed separately. 
5.2.1 Effect of the oils 
The estimated zero-shear viscosity of the surfactant solution with increasing 
concentrations of n-decane, crude oil, and EVOO at both test temperatures are shown in 
Figure 22-Figure 24, respectively. The estimated zero-shear viscosities of the surfactant 
solution with the oils were higher at 30°C than at 60°C and reduced with increasing oil 
concentration.  
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Figure 22 Estimated zero-shear viscosity of 3.96 wt %  solution with different n-decane concentrations 
with the lines as visual aids. The full lines link the points at 30°C, whereas the dashed lines link the points at 
60°C 
 
Figure 23 Estimated zero-shear viscosity of 3.96 wt %  solution with different crude oil concentrations 
with the lines as visual aids. The full lines link the points at 30°C, whereas the dashed lines link the points at 
60°C 
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Figure 24 Estimated zero-shear viscosity of 3.96 wt %  solution with different EVOO concentrations 
with the lines as visual aids. The full lines link the points at 30°C, whereas the dashed lines link the points at 
60°C 
 
Table 4 Estimated differences in zero-shear viscosities between the VES solutions with the oils and the pure VES 
solutions at test temperatures 
Concentration 
(wt %) 
N-decane Crude oil EVOO 
30°C 60°C 30°C 60°C 30°C 60°C 
0.9 6.72×102 5.50×104 1.43 2.08×101 1.17 9.65×101 
2 1.58×105 2.06×105 2.12 5.62×103 2.33 3.33×103 
3 1.63×105 2.05×105 2.62 1.92×104 9.57 6.59×103 
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Figure 25 Schematic showing the migration of oil molecules (small strands) from an oil droplet (gray region) to a 
cylindrical micelle after adsorption of the micelle on the oil-aqueous solution interface 
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The estimated differences between the zero-shear viscosities of the surfactant solutions 
with the oils and the pure surfactant solutions at both test temperatures are in Table 4. At 
30°C, 0.9 wt % n-decane induced a difference of approximately two orders of magnitude. 
Meanwhile, 0.9 wt % crude oil and EVOO induced a difference of approximately one 
fold. The zero-shear viscosities of the surfactant solutions with 2 wt % and 3 wt % crude 
oil and EVOO at 30°C were estimated to check if the effects of 0.9 wt % of these oils at 
this temperature were due to low concentrations. The differences induced by 3 wt% of 
crude oil and EVOO at 30°C were just approximately three and ten folds, respectively. 
Meanwhile, the surfactant solutions with 2 wt % and 3 wt % n-decane at 30°C were 
approximately 1 cp (Figure 22); an approximate difference of five orders of magnitude. 
Therefore, n-decane was more efficient than crude oil and EVOO as a breaker at 30°C. 
At 60°C, 0.9 wt % of crude oil and EVOO induced a difference of approximately one 
order of magnitude. Moreover, 3 wt % crude oil, EVOO, and n-decane induced 
differences of approximately four, three, and five orders of magnitude, respectively 
(Table 4). Thus, increasing the temperature improved the breaking capacity of crude oil 
and EVOO. 
Reduction of zero shear viscosity by non-polar oils is due its solubilization in the micellar 
core [18], [35] [37], [39], [40], [63]. This is the only region in which non-polar oils can 
be solubilized as the micellar core is hydrophobic. Crude oil and EVOO faced a barrier to 
solubilization at 30°C which n-decane did not face. This is inferred from the insignificant 
differences induced by crude oil and EVOO at 30°C. Temperature reduced the effect of 
the barrier on crude oil and EVOO. 
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In order to interpret the results of this work, the solubilization kinetic model by 
cylindrical micelles proposed by Kralchevsky et al. [41] will be used as it has been 
experimentally verified [43]. Also, the fact that cylindrical micelles were formed as soon 
as the VES system was dissolved in aqueous solution needs to be accounted for. In this 
work, the most likely solubilization mechanism is the surface reaction mechanism. This 
mechanism is suggested because the tested oils are insoluble in aqueous solution. The 
schematic is shown in Figure 25. The effect of temperature can be explained thus: the 
temperature increased the kinetic energy of the micelles and the oil droplets. This 
increased the number of micelles adsorbing at the oil-aqueous solution interface to 
solubilize the oils, facilitating the uptake of the oil molecules into the micellar core. 
Moreover, the oil molecules in crude oil and EVOO had enough kinetic energy at the 
higher temperature to overcome the barrier to solubilization in the micellar core that 
existed at 30°C. 
Three regimes of zero-shear viscosity change induced by n-decane can be delineated at 
both temperatures from Figure 22, similar to Shibaev et al. [18]: the high viscosity regime 
(HVR), the transition regime (TR) and the low viscosity regime (LVR). Crude oil and 
EVOO induced only the HVR at 30°C, and the HVR and TR at 60°C. 
The high viscosity regime: The following oil concentration ranges delineated the HVR: 
(i) 0.1-0.5 wt % n-decane at 30°C (Figure 22), (ii) 0.1-3 wt % crude oil and EVOO at 
30°C (Figure 23-Figure 24), (iii) 0.1-0.25 wt % EVOO at 60°C (Figure 24) (iv) 0.1-0.5 
wt % of n-decane and crude oil (Figure 22-Figure 23) at 60°C. The surfactant solutions 
with the oils in this regime had high zero-shear viscosities. There were transitions from 
the Newtonian to shear thinning region from the steady shear rheology plots at the cited 
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oil concentrations at 30°C (Figure 26-Figure 28) and 60°C (Figure 29-Figure 31). 
Moreover,  and  were present from the dynamic shear rheology plots at the cited 
oil concentrations at 30°C (Figure 32-Figure 34) and 60°C (Figure 35-Figure 37).  There 
were shear-banding transitions at these oil concentrations from shear stress versus shear 
rate graph (Figure 38-Figure 43). The maxima present in the viscosity against shear rate 
plots correspond to shear-banding transitions (Figure 44 and Figure 45).  This implied 
that long micelles and an entangled network were present in the surfactant solutions with 
these oil concentrations, accounting for the high zero-shear viscosities. 
Despite the absence of crossover frequencies at some oil concentrations in this regime, 
the surfactant solutions in this regime were Maxwellian at low angular frequencies with 
one relaxation time. This is because of the presence of a zero-shear viscosity and . The 
absence of these crossover frequencies was because they were below the measuring 
frequency range. 
The presence of the HVR at both temperatures at these oil concentrations indicates that 
the oil concentrations did not prevent the formation of a micelle network during the 
equilibration period. The main possible reason for the existence of the HVR in the 
presence of n-decane at 30°C was the low n-decane concentrations. In the case of crude 
oil and EVOO at 30°C, few molecules in these oils had sufficient kinetic energy to 
penetrate the micelles. This is related to the complex molecular structure of the molecules 
in these oils. The different explanations for the effect of the oils at 30°C are based on the 
different oil concentration ranges of the HVR: the HVR existed even at 3 wt % of crude 
oil and EVOO, unlike n-decane in which it existed only up to 0.5 wt %.  
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Figure 29 Viscosity vs shear rate of 3.96 wt %  solution with different concentrations of n-decane at 
60°C 
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Figure 30 Viscosity vs shear rate of 3.96 wt %  solution with different concentrations of crude oil at 
60°C 
 
Figure 31 Viscosity vs shear rate of 3.96 wt %  solution with different concentrations of EVOO at 
60°C 
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Figure 32 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  solution 
with different concentrations of n-decane at 30°C 
 
Figure 33 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  solution 
with different concentrations of crude oil at 30°C 
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Figure 34 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  solution 
with different concentrations of EVOO at 30°C 
 
Figure 35 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  solution 
with different concentrations of n-decane at 60°C 
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Figure 36 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  solution 
with different concentrations of crude oil at 60°C 
 
Figure 37 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  solution 
with different concentrations of EVOO at 60°C 
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Figure 38 Shear stress vs shear rate of 3.96 wt % surfactant solution with different concentrations of n-decane at 
30°C 
 
Figure 39 Shear stress vs shear rate of 3.96 wt % surfactant solution with different concentrations of crude oil at 
30°C 
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Figure 40 Shear stress vs shear rate of 3.96 wt % surfactant solution with different concentrations of EVOO at 
30°C 
 
Figure 41 Shear stress vs shear rate of 3.96 wt % surfactant solution with different concentrations of n-decane at 
60°C 
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Figure 42 Shear stress vs shear rate of 3.96 wt % surfactant solution with different concentrations of crude oil at 
60°C 
 
Figure 43 Shear stress vs shear rate of 3.96 wt % surfactant solution with different concentrations of EVOO at 
60°C 
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Figure 44 Viscosity and stress vs shear rate of 3.96 wt % surfactant solution with 0.25 wt% crude oil at 30°C. 
 
Figure 45 Viscosity and stress vs shear rate of 3.96 wt % surfactant solution with 0.25 wt% EVOO at 30°C 
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At 60°C, the HVR existed mainly due to the low concentrations of the oils as more oil 
molecules had enough kinetic energy to penetrate the micelles. This is inferred from the 
fact that concentration range of the oils for the HVR at 60°C was 0.1-0.5 wt %. 
The transition regime: The following oil concentration ranges delineated the TR: (i) 
0.5-2 wt % n-decane at 30°C (Figure 22), (ii) 0.5-0.9 wt % n-decane at 60°C (Figure 22), 
(iii) 0.5-3 wt % of crude oil and EVOO at 60°C (Figure 23-Figure 24). There was a sharp 
drop in zero-shear viscosity with increasing oil concentration in this regime. Untangled 
cylindrical micelles in the surfactant solutions with these oil concentrations characterize 
this regime. The presence of cylindrical micelles is inferred from the transitions from the 
Newtonian to the shear-thinning region with increasing shear rate at these oil 
concentrations (Figure 26, Figure 29-Figure 31). Evidence for untangled cylindrical 
micelles is from the absence of  and  from the dynamic shear rheology plots at 
these oil concentrations (Figure 32, Figure 35-Figure 37). These absences imply 
deviations from the Maxwellian fluid model [18]. 
The presence of untangled micelles signify that the cylindrical micelles have been 
shortened; short micelles cannot entangle with each other [18]. Cryo-TEM revealed the 
presence of short cylindrical micelles in the surfactant solutions with 0.9 wt% n-decane 
equilibrated at 30°C (Figure 46). The existence of the TR at both temperatures was 
mainly because the oil concentrations were enough to prevent the formation of dense 
micelle networks during the equilibration period by shortening the long micelles. 
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Figure 46 Cryo-TEM image of 3.96 wt %  solution with 0.9 wt % n-decane at 30°C. The black curves 
are the edges of the micelles. 
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Figure 47 Cryo-TEM image of 3.96 wt %  solution with 3 wt % n-decane at 60°C. The white sections 
represent the micelles 
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Figure 48 Schematic of the effect of (i) 3 wt % n-decane and (ii) 3 wt % crude oil and EVOO on the cylindrical 
micelles at 60°C 
 
Figure 49 Schematic representation of micelle transitions induced by the oils at 30°C and 60°C 
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The low viscosity regime: The following n-decane concentration ranges delineated the 
LVR: (i) 2-3 wt % at 30°C (Figure 22), (ii) 0.9-3 wt % at 60°C (Figure 22). Surfactant 
solutions with these n-decane concentrations exhibited Newtonian fluid behavior; the 
viscosity remained constant with increasing shear rate (Figure 26, Figure 29). This is 
evidence that microemulsions were present in these solutions [18], [38] [40]. Cryo-TEM 
revealed the presence of microemulsions in the surfactant solution with 3 wt % n-decane 
equilibrated at 60°C (Figure 47). The LVR existed at both temperatures because there 
were sufficient n-decane molecules for the cylindrical micelles to capture and turn into 
microemulsions. 
Schematic representations of the micelle shape transitions induced by the oils are shown 
in Figure 48 and Figure 49. 
5.2.2 Effect of PGA 
The viscosity with shear rate plot of the surfactant solution with 0.1-0.9 wt % of PGA at 
30°C and 60°C is shown in Figure 50 and Figure 51, respectively. There were no drastic 
changes in zero-shear viscosity with increasing PGA concentrations when compared to 
increasing concentrations of n-decane at 30°C. Moreover, the changes in zero-shear 
viscosity at 60°C were insignificant compared to the changes induced by the oils at the 
same temperature. These trends in zero-shear viscosity are represented more clearly in 
Figure 52. The transition from the Newtonian to the shear-thinning region at these 
concentrations was less smooth at 30°C than at 60°C. This means the cylindrical micelles 
were more entangled at 30°C than at 60°C. 
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The variation of  and  with angular frequency of the surfactant solution with 0.1-0.9 
wt % of PGA at 30°C and 60°C are shown in Figures Figure 53 and Figure 54, 
respectively. The behavior of  and  was also similar to that of the pure surfactant 
solution at 30°C. The crossover frequency and the regions in which  dominates  at 
lower angular frequencies were absent at 30°C. The reason for this absence is the same as 
that of the pure surfactant solution at 30°C. At 60°C, the crossover frequency was present 
at 0.9 wt % PGA, meaning that the crossover frequency of surfactant solution increased 
with increasing concentration of PGA. Therefore, PGA insignificantly affected the 
micelle structure of the surfactant solution. 
The effect of PGA on this surfactant can be understood by comparing the effect of PGA 
on the amphoteric carboxylic betaine surfactant, EDAB [35]. Amphoteric carboxylic 
betaine surfactants become cationic or anionic at low and high pH, respectively [64], 
[65], unlike sulfobetaine surfactants that remain zwitterionic at all pH [65]. Increasing 
PGA concentrations reduce the pH of the EDAB solution, turning the surfactant from 
amphoteric to cationic. This change increases the charge of the headgroup and increases 
the effective headgroup area. The increase in effective headgroup area reduces the 
packing parameter (based on equation 1), causing the EDAB micelle to change from a 
cylindrical to spherical. The effect of changing the headgroup charge was also proposed 
for the changes in micelle structure induced by NaSal and NaHNC on EDAB [39]. 
Because sulfobetaine surfactant solutions remain zwitterionic with a decrease in pH, their 
micellar structure will not undergo significant changes [58]. 
 Thus, the decrease in pH by PGA did not significantly affect the micelle structure of the 
surfactant solution. This reflected in the insignificant changes in zero-shear viscosity 
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induced by PGA when compared to the oils. A schematic representation of this 
insignificant change is shown in Figure 55. 
5.3 Implications for well stimulation 
The oils tested are breakers for this surfactant system at high temperatures. Temperature 
significantly improves the ability of the heavy molecular weight oils to break the 
surfactant solution and reduces the amount of breakers needed for breaking. Thus, the 
breaker concentration needed for VES-based well stimulation will depend on the 
reservoir temperature. 
Considering the responsiveness of the surfactant solution to crude oil implies that the 
amount of internal breaker needed for well cleanup in crude oil formations will reduce. 
When a VES is used for well stimulation, the optimum breaking time should be at the end 
of the well stimulation job. The breaker concentration needed for viscosity reduction of 
the VES gel can be controlled to fit the optimum breaking time. The optimum breaker 
concentration should also account for the breaking effect of reservoir crude oil if the well 
is located in crude oil reservoirs. 
The responsiveness of the surfactant solution to n-decane and EVOO shows that the 
surfactant is responsive to crude oils that contain C10-C18 molecules. Moreover, the 
responsiveness of the surfactant gel to EVOO also shows that well stimulation using 
these fluids will not be environmentally detrimental; both the surfactant system and 
EVOO are environmentally friendly.  
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Figure 50 Viscosity vs shear rate of 3.96 wt %  solution with different concentrations of PGA at 30°C 
 
Figure 51 Viscosity vs shear rate of 3.96 wt %  solution with different concentrations of PGA at 60°C 
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Figure 52 Estimated zero-shear viscosity of 3.96 wt %  solution with different PGA concentrations 
 
Figure 53 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  with 
different concentrations of PGA at 30°C 
62 
 
 
Figure 54 Storage modulus (filled symbols) and loss modulus (open symbols) of 3.96 wt %  with 
different concentrations of PGA at 60°C 
 
Figure 55 Schematic representing the effect of 0.9 wt % PGA on the cylindrical micelles at 60°C 
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CHAPTER 6 
CONCLUSIONS 
The surfactant solution with 3.96 wt % of the sulfobetaine surfactant system and 6.2 wt 
% CaCl2 has a viscoelastic behavior at 30°C and 60°C after one week of equilibration. 
This is due to the formation of cylindrical micelles. The cylindrical micelles are more 
entangled at 30°C than at 60°C, making the surfactant solution more viscous at 30°C.  
Breaker concentration and temperature increases the breaking capacity of the oils. Only 
n-decane drastically affects the zero-shear viscosity of the surfactant solution at 30°C. 
The oils drastically affect the zero-shear viscosity of the surfactant solutions at 60°C. At 
60°C, the zero-shear viscosity of the surfactant solution decreases with increasing 
concentrations of the oils at 60°C, with the effect of n-decane surpassing that of crude oil 
and EVOO. The reduction in viscosity with increasing oil concentrations can be 
separated into different regimes that represent a change in micelle structure. The regimes 
are the high viscosity regime, the transition regime, and the low viscosity regime. The 
existence of each regime depends on the balance between micellization and oil 
solubilization. PGA does not induce significant changes in viscosity on this VES system, 
and it is primarily due to the resistance of the VES to changing pH. 
The recommendations for well stimulation operations are as follows: 
1. Crude oil should not be relied on as the only breaking fluid in well stimulation. 
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2. Breaker concentrations should be chosen based on the reservoir temperature and the 
time required for the stimulation job to be completed. These breaker concentrations 
should take into account the breaking ability of the formation oil. 
3. The choice of oil to be used as a breaker should depend on its molecular structure, 
cost, and its environmental impact. 
4. PGA should not be used as breakers for this sulfobetaine surfactant system. 
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